Cubic SrTiO3 becomes tetragonal below 105 K. The antiferrodistortive (AFD) distortion leads to clockwise and counter-clockwise rotation of adjacent TiO6 octahedra. This insulator becomes a metal upon the introduction of extremely low concentration of n-type dopants. However, signatures of the structural phase transition in charge conduction have remained elusive. Employing the Montgomery technique, we succeed in resolving the anisotropy of charge conductivity induced by the AFD transition, in the presence of different types of dopants. We find that the slight lattice distortion (< 6 × 10 −4 ) gives rise to a twenty percent anisotropy in charge conductivity, in agreement with the expectations of band calculations. Application of uniaxial strain amplifies the detectable anisotropy by disfavoring one of the three possible tetragonal domains. In contrast with all other known anisotropic Fermi liquids, the anisotropy has opposite signs for elastic and inelastic scattering. Increasing the concentration of dopants leads to a drastic shift in the temperature of the AFD transition either upward or downward. The latter result puts strong constraints on any hypothetical role played by the AFD soft mode in the formation of Cooper pairs and the emergence of superconductivity in SrTiO3.
Strontium titanate, of the ABO 3 family of perovskites, has continuously attracted attention during the last five decades. As a band insulator, it displays a fascinating variety of fundamental [1, 2] and application-oriented [3, 4] properties. It is a quantum paraelectric, avoiding a ferroelectric transition thanks to quantum fluctuations [5] . With a low-temperature electric permittivity enhanced by four orders of magnitude, it turns to a metal upon the introduction of infinitesimal concentration of dopants [6] or even after shining light [7] . The carriers are remarkably mobile [8] , as a consequence of an exceptionally long Bohr radius [9] and scatter off each other generating a resistivity which varies as T 2 , with a very large prefactor [10] . In spite of being far apart, the electrons living in this peculiar environment can form Cooper pairs in the most dilute superconductor currently known [11] .
After five decades of intensive research, several questions remain unanswered.
What causes superconductivity [12] [13] [14] and restricts it to a concentration range of 10 −5 < n < 2 × 10 −2 e − /f.u. [11] ? Why is the inelastic scattering so large [10] ? Does the aborted ferroelectricity [5] play a role in superconductivity because of its quantum criticality [15] ?
In contrast to its isovalent siblings BaTiO 3 and CaTiO 3 , SrTiO 3 is cubic at room temperature. However, it becomes tetragonal below 105 K. In the ordered state, TiO 6 octahedra rotate in alternating directions around the c-axis [16] [17] [18] [19] . This antiferrodistortive phase transition has been studied by a variety of experimental techniques. Clear anomalies in specific heat [20] , thermal conductivity [21] , sound velocity [22] and thermal expansion [23] have been observed at T AFD 105 K. The transition does not break inversion symmetry, but the boundaries between tetragonal domains become polar [24, 25] deep inside the ordered state. In spite of being widely documented over several decades, the consequences of this phase transition for mobile electrons have been elusive. A recent study [26] concluded that the AFD transition should be accompanied by en enhancement in electron scattering. However, the experimental data does not show any visible anomaly at the transition temperature. This is also the case of other numerous studies devoted to the transport properties of metallic SrTiO 3 , which failed to detect any anomaly in the vicinity of 105 K in electric [6, 8, 10, 27] or thermoelectric [27] transport.
In this paper, we report on a direct measurement of the in-plane anisotropy of charge conductivity in metallic SrTiO 3 with different dopants. Thanks to the sensitivity of the Montgomery technique [28] employed here for the first time to study SrTiO 3 , a sharp anomaly at 105 K is clearly visible. The very slight departure from cubicity (c/a < 1.0006) gives rise to an anisotropy of conductivity several orders of magnitude larger (ρ c /ρ a ∼ 1.1). First-principles calculations of the Fermi surface in the AFD state explain the sign of the anisotropy just below the transition temperature and the order of magnitude of its amplitude. Remarkably, we find that the anisotropy in conductivity displays a non-monotonous temperature dependence. Applying uniaxial strain favors two out of the three possible tetragonal domains and amplifies the T(K)
[n=7.8 10 non-monotonous behavior. In contrast to what has been observed in other Fermi liquids, elastic and inelastic scattering have opposite sign anisotropies. Finally, we report on the evolution of T AFD with doping, and find that different dopants, which give the same superconducting T c , affect the AFD transition in different ways. We argue that this provides evidence against a theoretical scenario tracing the microscopic origin of superconductivity to the AFD soft phonon mode [29] .
The Montgomery technique is a powerful method used to extract the anisotropy of conductivity in a solid shaped as a rectangular prism [28, 30] . It is particularly well adapted to the case of SrTiO 3 because of the availability of relatively large single crystals with precise geometry, on whose corners we evaporate gold pads. At each temperature, current is applied and voltage measured using two pairs of adjacent electrodes in two perpendicular configurations (See the inset of Fig. 1a) . The ratio of [30] . Assuming that the sample is a perfect square with thickness e, the ratio L 2 /L 1 yields the intrinsic resistivity along each perpendicular axis [30] :
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Like a previous report [30] , we found that the magnitude of resistivity obtained by this method is in agreement with what is obtained by a standard four-contact set-up. The advantage of the Montgomery technique is the direct resolution of the anisotropy, as shown in panels a and b of Fig. 1 , which the date for a lightly-doped SrTiO 3−δ (n=7. 8 10 17 cm −3 )sample. It is hard to see any anomaly in the vicinity of 105 K in either ρ x and ρ y , but the temperature dependence of their ratio reveals a clear abrupt jump at the onset of the AFD transition. The ratio is close to unity and temperature-independent above T AFD 105 K and suddenly jumps at T AFD . The slight departure from unity above T AFD presumably results from imperfect squareness of the sample, the finite size of the contact size and other technical limitations. To the best of our knowledge, this is the first detection of any consequence of the AFD transition for charge transport in strontium titanate. The Montgomery technique appears as a powerful method to detect the loss of rotational symmetry and the emergence of nematicity [31] in other solids such as iron-based superconductors [32] .
Remarkably, multiplicity of domains does not hinder the observation of the symmetry breaking by a directional probe such as resistivity. Each of the three axes of the elementary cubic cell can become the tetragonal axis (Fig. 1c) . Therefore, there are three possible domains in an unconstrained crystal and the ρy ρx ratio is not the intrinsic anisotropy of SrTiO 3−δ . Its magnitude is set by the accidental imbalance between the population of these domains. One would expect therefore that the magnitude and the orientation of applied strain should modify the ρy ρx ratio; as seen in Fig. 2 , this is indeed the case. Cooling the same sample in the presence of strain, the anisotropy in the ordered state is enhanced. Moreover, rotating the orientation of the applied strain by 90 degrees in the same sample yields an opposite sign for ( ρy ρx − 1) in the AFD state. We conclude that the samples are multi-domain and applying compressive strain favors the two domains which have their (longer) c-axis perpendicular to the strain. As seen in Fig. 2c , strained SrTi 1−x Nb x O 3 displays also a sizeable anisotropy in its ρy ρx ratio below the transition temperature.
The first outcome of this study is a quantification of the magnitude of ρy ρx ratio. As seen in Fig. 2 , in samples subject to compressive strain, this ratio can become as large as 1.2 . At first sight, it looks surprising that an anisotropy of this amplitude in charge conductivity results from a tetragonal distortion quantified by x-ray diffraction to be as small as 1.00056 [16] . The tetragonal distortion is linked to the angle of rotation of the TiO 6 octahedra [17] :
The measured values of ϕ = 2.1
• [17] and c/a=1.00056 [16] satisfy this expression. As seen in Fig. 1c , the slight tetragonal distortion is accompanied by a more substantial misalignment between Ti atoms. Considering that their t 2g orbitals host the threefold degenerate conduction bands of metallic SrTiO 3 , the consequences can be drastic. A slight misalignment between adjacent TiO 6 octahedra can drastically change the overlap between T 2g orbitals of two neighboring titanium atoms. Thus, a very small ϕ can cause a substantial drop in conductivity along the misalignment orientation providing a qualitative agreement for the experimental observation. As we The evolution of the resistivity anisotropy anomaly in temperature for SrTi1−xNbxO3. The anomaly shifts to higher temperatures with increasing doping. e) Evolution of the AFD transition temperature with carrier concentration. The data reported in Ref. [22] is also included for comparison. Opposite trends are observed for alternative routes for doping. While Nb (or La) substitution enhances TAFD, the introduction of oxygen vacancies depresses TAFD.
will see below, according to first-principles band calculations, the Fermi surface topology is deeply affected by the phase transition.
A second and more unexpected result is the temperature dependence of the anisotropy in the ordered state. As seen in figures 1 and 2, the temperature dependence of ρy ρx ratio is not monotonous. In SrTiO 3−δ , it peaks around 20 K and then decreases to below unity. In SrTi 1−x Nb x O 3 , the temperature dependence is even more complex, with a peak and a shallow minimum. If the ρy ρx ratio were proportional to an order parameter, then this would suggest a second phase transition well below 105 K. The existence of additional phase transitions in SrTiO 3 has been a longstanding controversy. However, our observation can be accounted for if carrier scattering by phonons, electrons and defects do not share the same anisotropy. We will come back to this below.
We now turn our attention to the evolution of the AFD transition temperature with doping. As seen in Fig. 3 , the AFD anomaly in ρy ρx ratio shifts to higher temperature with the substitution of Ti with Nb. We also studied the evolution of T AFD with oxygen reduction and La substitution. Our results are in agreement with previous studies of the AFD transition using sound velocity [22] and Ramman scattering [34] .The emerging picture is summarized in Fig. 3e . While substituting Ti with Nb (or Sr with La) leads to an upward shift of T AFD , introducing oxygen vacancies pulls it downward. The extreme sensitivity of the AFD transition to the presence of a tiny concentration of foreign atoms is remarkable. Substituting Sr with larger La or Ti with larger Nb both strengthen the AFD instability, presumably by weakening the stability of the cubic structure, which relies on a fragile balance of the three atomic radii in SrTiO 3 . Intriguingly, this also happens when Sr is replaced with smaller Ca [33] . In contrast, oxygen vacancies weaken the tetragonal distortion, presumably because they destroy the antiferrodistortive coupling between adjacent octahedra.
The contrast in response of T AFD to oxygen reduction compared to La and Nb substitution has an unnoticed implication. All three routes for n-doping, i.e., oxygen removal, substituting Ti(by Nb)or Sr (by La) [35, 36] lead to a dilute metal with a superconducting T c which peaks at a carrier density in the range of n = 10 20 cm −3 . Decades ago, Appel [29] suggested a link between the formation of Cooper pairs and the soft phonon mode associated with the octahedra rotation and the AFD transition [29] . The drastic difference in the dependency of T AFD on dopants type indicates that either the soft mode does not play a major role in superconductivity or its response to reduction and substitution is not the same as T AFD .
We carried out first-principles calculations to quantify the Fermi surface (FS) anisotropy. Fig. 4 shows the FS cross sections at E F =1 meV, the electron band structure, and the anisotropy of the FS as a function of c/a for chemical potentials (µ) from 1 to 10 meV. The lower conduction bands in STO originate from the same orbital manifold. In the tetragonal system they have distinct irreducible representations for the spatial degrees of freedom, which allows them to cross, only at a single point along 001. In the plane (or in any skew direction) the AFD rotation mixes their representations, and the bands will anticross, as is seen along 100. In agreement with previous theoretical studies [39] , we find that the cubic phase FS has six lobes and in the tetragonal state, two out of these six are squeezed.
According to Shubnikov-de Haas (SdH) experiments [11, 40, 41] when carrier density is n 7.8×10 17 cm −3 , the Fermi energy is close to µ 1 meV. At this level (Fig. 4a) , we find a FS area in the (001) plane about 1.7 times larger than in the (010) plane, in fair agreement with the SdH data [41] . The calculated band masses are lighter than the experimental values, indicating the importance of renormalization by electron-phonon interactions and electron correlation [37, 38] . The estimated renormalizations are 1.5 for the lower band (similar to explicit calculations in Ref. [37] ) and 3.5 for the upper band. A quantitative description of Fermi surface would requires the calculation of anisotropic mass renormalization. The FS anisotropy, (ratio of its radii along c and a) reaches 0.65 (Fig. 4c) for µ = 1 meV. The Fermi radius is shorter (and v F larger) along c, such that the conductivity should be larger as well, in agreement with the experimental observation in the vicinity of T AFD . Finally, according to the calculations, anisotropy decreases with increasing µ(see the supplement). This matches the experimental observation of diminishing anomaly at T AFD with increasing doping (Fig. 3a-d) .
Let us now examine the puzzle of the non-monotonic temperature dependence of ρ y /ρ x . As seen in Fig. 1a , upon cooling from room temperature to liquid-helium temperature, the resistivity of metallic SrTiO 3 drops by three orders of magnitude. Thus, inelastic scattering of electrons is by far the dominant scattering around 100 K. Most of this inelastic scattering is due to phonons, but below 30 K, the electron-electron scattering leads to a quadratic temperature dependence. Fig. 5 shows the low-temperature resistivity of a strained oxygen-reduced sample as a function of T 2 . In agreement with previous reports [10, 39, 42] , ρ x and ρ y both follow a behavior described by ρ i = ρ 0i + A i T 2 (i=x,y). The anisotropy of the prefactor is set by the expected anisotropy of conductivity stemming from the topology of the Fermi surface. Note that in this temperature window, below the degeneracy temperature of electrons, the relevance of the Fermi surface topology is straightforward. On the other hand, when the carrier density is as low as n = 7.8 × 10 17 cm −3 , the system is non-degenerate and subject to Boltzmann statistics at 105 K. But, even in this non-degenerate regime, the anisotropy of conductivity still keeps the trace of the anisotropy of the Fermi velocity. The prefactor of T-square resistivity along a-axis (c-axis) is A a = 4.9µΩcmK
is close to what was measured for a sample of comparable carrier density by a conventional four-probe technique [10] ]. As expected for an anisotropic Fermi liquid, for example in UPt 3 [43] , the ratio (A a /A c 1.5) is close to the ratio of the Fermi velocities along c-axis and a-axis.
As seen in Fig. 5 , the intercept (i.e. the residual resistivity, ρ 0 ) is lower along the direction where the prefactor A is larger. In other words, elastic scattering is The anisotropy of the slope and the intercept are opposite, which points to a different anisotropy for elastic and inelastic components of resistivity. b) Applying strain along x favors the two strain domains whose longer c-axis is perpendicular to x. In the (x, y) plane, the twin boundary between these two domains is parallel to x and scatters less electrons traveling along x, leading to a higher residual resistivity. On the other hand, the average Fermi velocity, set by the anisotropy of the Fermi surface is larger along x. This leads to a lower inelastic resistivity for this orientation. larger along the orientation for which inelastic scattering is smaller. This generates a peak in ρy ρx (T ), since the balance between the two components of the resistivity is changed at an intermediate temperature. This feature distinguishes SrTiO 3 from other anisotropic Fermi liquids. In the latter cases, the residual resistivity and the prefactor of the T 2 resistivity share the same anisotropy, set by the Fermi velocity anisotropy. The same is true of UPt 3 [43] as well as two other well-known perovskites, the ruthenate Sr 2 RuO 4 [44] and cuprate La 1.7 Sr 0.3 CuO 4 [45] . In both of these layered conductors, the prefactor of the quadratic term in the resistivity and the residual resistivity share the same anisotropy.
The exceptional case of metallic SrTiO 3−δ may be a result of the particular orientation of boundaries between twins in a sample subject to uniaxial strain (see Fig.  5b ). Application of strain along one direction leads to the suppression of one domain out of three (the one with its c-axis along the strain). Since the Fermi velocity is larger along the c-axis, the conductivity should become lower in the orientation parallel to the applied strain. This is indeed what is seen experimentally. On the other hand, in such a configuration the favored domain boundary would lie along the orientation of compressive strain. As a scatterer, such a boundary would introduce additional scattering perpendicular to the direction of strain. This could explain the opposite signs of (ρ y − ρ x )/ρ x at the onset of the transition (governed by the anisotropy of the Fermi velocity) and in the zero temperature limit (set by the orientation of twin boundaries).
Two other features should also be included in an exhaustive quantitative treatment of the problem. The first is the experimental evidence for enhanced conductivity along a twin boundary in SrTiO 3 [46] , amplifying the anisotropy introduced by the presence of a twin boundary along the orientation of compressive strain. The second is the contrast between potential wells introduced by Nb dopants and oxygen vacancies. They are expected to differ in structure and the angular distribution of the scattering they cause.
Several other questions remain. The precise shape of the Fermi surface in dilute metallic SrTiO 3 is not settled yet. A detailed angle-dependent study on singledomain samples is necessary to map the full FS. The quantification of the non-parabolic dispersion is important to pin down the origin of the T 2 resistivity in the dilute limit [10] . Non-parabolicity leads to a distinction between momentum and velocity, and breaks Galilean invariance [47] , which is expected to play a significant role in the T 2 resistivity of SrTiO 3 .
In summary, we quantify the anisotropy of charge conductivity caused by the AFD transition in metallic SrTiO 3 , using the Montgomery technique. Both firstprinciples band calculations and experimental data find that the very slight departure from cubicity gives rise to a sizeable anisotropy in the Fermi surface and conductivity. In contrast with other anisotropic Fermi liquids, elastic and inelastic resistivity do not present the same anisotropy. The contrasting response of the AFD and superconducting phase transitions to the type of dopant argues against any role played by the octahedral rotational mode in superconductivity.
